Abstract. "Native" mass spectrometry (MS) has been proven to be increasingly useful for structural biology studies of macromolecular assemblies. Using horse liver alcohol dehydrogenase (hADH) and yeast alcohol dehydrogenase (yADH) as examples, we demonstrate that rich information can be obtained in a single native top-down MS experiment using Fourier transform ion cyclotron mass spectrometry (FTICR MS). Beyond measuring the molecular weights of the protein complexes, isotopic mass resolution was achieved for yeast ADH tetramer (147 kDa) with an average resolving power of 412,700 at m/z 5466 in absorption mode, and the mass reflects that each subunit binds to two zinc atoms. The N-terminal 89 amino acid residues were sequenced in a top-down electron capture dissociation (ECD) experiment, along with the identifications of the zinc binding site at Cys46 and a point mutation (V58T). With the combination of various activation/dissociation techniques, including ECD, in-source dissociation (ISD), collisionally activated dissociation (CAD), and infrared multiphoton dissociation (IRMPD), 40% of the yADH sequence was derived directly from the native tetramer complex. For hADH, native top-down ECD-MS shows that both E and S subunits are present in the hADH sample, with a relative ratio of 4:1. Native top-down ISD of the hADH dimer shows that each subunit (E and S chains) binds not only to two zinc atoms, but also the NAD/NADH ligand, with a higher NAD/NADH binding preference for the S chain relative to the E chain. In total, 32% sequence coverage was achieved for both E and S chains.
Introduction

S
tudying how proteins interact with one another and assemble on a structural basis is key to understanding biological processes and their function. As a complementary technique to conventional technologies used in structural biology, such as nuclear magnetic resonance (NMR) spectroscopy, X-ray crystallography, and electron microscopy, "native" mass spectrometry (MS) has established its crucial role in the characterization of intact noncovalentlybound protein complexes, revealing the composition, stoichiometry, dynamics, stability, and also spatial information of subunit arrangements in protein assemblies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . To date, most native MS studies of protein complexes have been performed using quadrupole time-of-flight (Q-TOF) MS instruments with electrospray ionization (ESI). Because of the efficient transmission of high mass and high m/z ions using TOF analyzers, large proteins with molecular weights up to 18 mDa have been studied [12, 13] . The coupling of ion mobility spectrometry (IMS) with mass spectrometry provides a new dimension to the analysis of biomolecules [14] . With IMS, ions are separated based on size and shape, and the IMS-derived collision cross-section information can be used to understand the topological properties of gas-phase protein complexes. Surface induced dissociation (SID) has been recently added for the purposes of disassembling protein complexes into sub-complexes that appear to better reflect the structure of the solution phase complexes [15] [16] [17] . The capability of Orbitrap MS has been extended significantly for the analysis of macromolecules, with greatly improved mass (and m/z) range and resolving power to measure the binding of ADP and ATP to the 800 kDa GroEL complex [18] .
Fourier transform ion cyclotron resonance mass spectrometry (FTICR MS) is known for its superior resolving power and mass accuracy and its capabilities for tandem MS (MS/MS) with a variety of fragmentation techniques. Particularly, after the introduction of electron capture dissociation (ECD) [19] , FTICR MS quickly established its utility for protein top-down protein sequencing, posttranslational modification characterization, and protein gas phase studies [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Polypeptide backbone bonds are cleaved by ECD, but noncovalent interactions are preserved, which therefore makes the native top-down MS study of the noncovalent interaction sites of protein-ligands complexes more feasible. Our group and others have successfully applied top-down ECD-MS to pinpoint the interaction sites of several protein-ligand system [35] [36] [37] [38] , and this can be enhanced by "supercharging" [35] . An early attempt of applying ECD-MS to the study of large protein complexes was made by Heeren et al., but little topology and sequence information was derived [39] . However, the Gross group, starting in 2010, made the first breakthrough for the study of large protein complexes using native top-down ECD with FTICR MS. Besides obtaining molecular weight, sequence, and metal-binding site information in a single MS experiment, they correlated the origins of ECD product ions to the flexible regions of proteins as determined by the "B-factor" from the X-ray crystal structures of protein complexes [40, 41] . Therefore, native top-down ECD has been proposed as a tool to probe the flexible regions of protein complexes. Our group recently also demonstrated the capability of obtaining sequence information and isotopic mass resolution of a noncovalently-bound protein complex of 158 kDa using native top-down FTICR MS and, most importantly, we found that the origin of ECD fragments is not limited only to the flexible region of the protein complex (e.g., tetrameric aldolase), but also largely from the surface of the complex [42] .
The application of FTICR MS for native top-down interrogation of large noncovalent bound protein complexes is still in its infancy. Here, for the purpose of further exploring the capability of FTICR MS for the analysis of large protein complexes, various fragmentation techniques, including in-source dissociation (ISD), collisionally activated dissociation (CAD), ECD, and infrared multiphoton dissociation (IRMPD), were applied in the native top-down MS studies of a 80 kDa dimeric protein complex and a 147 kDa tetrameric protein complex. The results demonstrate that with the superior resolving power, mass accuracy, and versatile fragmentation techniques of FTICR MS, rich information, including isotopic mass resolution, amino acid sequence, point mutations, metal/ligand binding sites and identification, and quantification of subunit variants, can be accomplished in a single native top-down FTICR MS experiment.
Experimental
Materials
Alcohol dehydrogenases (ADH) from yeast and horse liver and ammonium acetate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile and formic acid were obtained from Fisher Scientific (Pittsburgh, PA, USA).
Sample Preparation
Yeast and horse liver ADH were dissolved in MilliQ water to a concentration of 100 μM, and then buffer-exchanged three times with 200 mM ammonium acetate solution (300 μL each time) using Amicon centrifugal filters (Millipore Inc., Billerica, MA, USA) with a molecular weight cut-off (MWCO) of 50 K. The buffer-exchanged protein samples were then diluted with 200 mM ammonium acetate solution to a concentration of 20 μM for native nano-ESI-MS analysis.
FTICR MS Analysis
Protein solutions were loaded into metal-coated borosilicate capillaries (Au/Pd-coated, 1 μm i.d.; Thermo Fisher Scientific, West Palm Beach, FL, USA) and sprayed at a flow rate of 10-40 nL/min through a nanospray ion source. The experiments were performed using a 15-T Bruker SolariX FTICR MS with an infinity cell. The ESI capillary voltage was set to 0.9~1.2 kV. The temperature of dry gas was 80°C and the flow rate was 2.5 L/min. The rf amplitude of the ion-funnels was 300 V pp , and the applied voltages were 210 V and 6 V for funnels 1 and 2, respectively. The voltage of skimmer 1 was varied up to 200 V to pre-heat ions but without inducing fragmentation and the skimmer 2 voltage was kept at 20 V. The lowest values of rf frequencies were used in all ion-transmission regions: multipole 1 (2 MHz), quadrupole (1.4 MHz), and transfer hexapole (1 MHz). Ions were accumulated for 500 ms in the hexapole collision cell before being transmitted to the infinity ICR cell. The timeof-flight of 2.5 ms was used. Vacuum pressures for different regions were~2 mbar for the source region,~2 × 10 -6 mbar for the quadrupole region, and~2 × 10 -9 mbar for the UHVchamber pressure. ECD experiments were performed with an ECD pulse length of 0.02 s, ECD bias of 1.5 V, and ECD lens of 15 V. The ECD hollow-cathode current was 1.6 A. IRMPD was performed with a Synrad 30-W CO 2 laser (Mukilteo, WA, USA) that was interfaced to the back of the mass spectrometer. The laser power was varied up to 80% (30 W) for all IRMPD experiments, and the irradiation time was kept at 0.5 s. Up to 300 scans were averaged for each spectrum, and all spectra were externally calibrated with cesium iodide. Data were processed in DataAnalysis (Bruker) and interpreted manually. Peaks were detected using the SNAP centroid peak detection algorithm (ver. 2.0) with quality factor threshold of 0.5, signal-to-noise threshold of 2, and maximum charge state of 40. The phase correction of the yeast ADH tetramer complex was done with the Bruker SolariX XR software.
Results and Discussion
Alcohol dehydrogenase is present in many organisms and catalyzes the oxidation of alcohols with the reduction of NAD + to NADH. Horse liver alcohol dehydrogenase (hADH) and yeast alcohol dehydrogenase (yADH) are distantly related but have different quaternary structures and subunit sizes. yADH is a homotetrameric protein with a total molecular weight of 147 kDa (~36 kDa for each subunit), whereas hADH is a dimeric protein of~80 kDa with three main isoenzymes, which are the combinations of two different types of subunits (~40 kDa for each subunit; EE, SS, and ES, where E stands for "ethanol-active" and S for "steroid-active").
Native Top-Down ECD, ISD, and IRMPD of Horse Liver ADH Subunits E (UniProt: P00327) and S (UniProt: P00328) are highly identical in sequence with differences of only nine amino acids out of 374. Each subunit binds one molecule of NAD + , a zinc at the active site, and an additional zinc that is structural. The zinc at the active site coordinates to Cys46, His67, Cys174 (Cys173 for subunit S), and one water molecule. The other zinc binds to Cys97, Cys100, Cys103, and Cys111.
The inset of Figure 1a (left-hand side) shows the native nano-ESI mass spectrum of hADH. Ions for the hADH dimer appear at m/z 3500-4500 with charge states of 23+ to 20+, along with nonspecific hADH tetramers present in the higher m/z region. The peak width of each charge state corresponds to about~100 Da, indicating sample heterogeneity and ligand/cation/solvent/buffer adduction. The entire charge state envelope of hADH was subjected to top-down ECD fragmentation and the ECD spectrum is shown in Figure 1a . Fragments from both E and S chains were observed in the top-down ECD mass spectrum of hADH, with the fragmentation map shown on the right-hand side of Figure 1a . Counting from the N-terminus, the first sequence difference between the E chain and the S chain is at residue 17 (Glu17 versus Gln17), which is a mass difference of 0.9840 Da. Figure 1b shows the expanded spectra of product ions of hADH. The mass difference (Δm) between c 16 2+ at m/z 872.99270 and the doubly charged ions at m/z 937.51392 is 129.04244 Da, which matches the sequence of subunit E with Glu17. Similarly, the Δm between c 16 2+ and the doubly charged ions at m/z 937.02191 is 128.05842 Da, corresponding to Gln17 of subunit S. To clarify the annotation for ions from different subunits, the cproduct ions from subunit E and subunit S are, for example, annotated as E c 17 2+ (in black) and S c 17 2+ (in red), respectively. All ions were assigned with sub-ppm mass accuracy; in addition, the expanded spectrum of ions at m/z 937.5 (right side of Figure 1b) shows both the isotopic A ion of E c 17 2+ and the isotopic A + 1 ion of E c 17 2+ , proving the presence of both subunits. Figure 1c presents the second sequence difference between subunits E and S at residue 44 (Thr versus Ala). Overall, the first 89 amino acids from the N-termini of the sequences were identified. Beyond subunit differentiation and sequencing, a series of c-ions from subunit E bound to zinc were also observed, starting from (c 50 +Zn) 4+ . The (c 53 +Zn) 4+ ion is shown in Figure 1d , which has a wilder isotopic distribution compared with regular cions due to the contribution of the zinc isotopes. The observation of (c 50 +Zn) 4+ ions is consistent with the known zinc binding position at the active site, Cys46.
Besides the characterization of subunits E and S, two additional subunits with similar sequences to subunit E and subunit S but with a putative PTM at the N-terminal region were found. According to the sequence similarity of the two unknown subunits to subunits E or S, one of them is denoted as subunit *E and the other as subunit *S. The sequence difference between subunit E and subunit *E is found at the N-terminal region, and the same is found for subunits S and *S. As shown in Figure 1e, Figure 1a .) It can be seen that this mass shift was observed along the sequences of both E and S chains, and the first site with this putative modification starts from residue 6. The mass errors of all assigned fragment ions are plotted against the mass-to-charge ratio (Figure 2) , and it can be seen that the mass errors are mostly within 3 ppm, with a few over 3 ppm but less than 5 ppm because of peak distortions caused by low signal-to-noise level. Even lower mass errors were achieved for subunit *E (blue) with G2 ppm and subunit *S (yellow) with G1 ppm, which further confirms that the elemental composition of the -44.01364 Da mass shift corresponds to CH 2 ON. Figure 1f shows the normalized abundances of c-ion products from each subunit plotted against the hADH sequences. Because the initial N-terminal 16 residues of subunits E and S are the same and cannot be differentiated by mass, the normalized abundances for each of the observed c-ions for the 16 amino acids are then equally divided into two, which does not represent the actual intensities of each ion from the different chains. The same treatment was used for subunits *E and *S. The normalized product ion abundances from subunits E and S can then be plotted to determine the ratio of the subunits present in the hADH sample, which is about~4:1 E:S.
In-source dissociation, analogous to the "nozzle-skimmer" dissociation originally demonstrated by the Smith group in the early days of ESI-MS [43, 44] , was achieved Figure 3a . Along with the dissociation of the hADH dimer to monomers, two large fragments originating from backbone cleavages with molecular weight of 13.8 and 29.4 kDa, respectively, were also observed. The 7+ charge state of the 13.8 kDa fragment ions was isolated and further fragmented by both CAD and ECD. However, only a complementary pair of ions (m/z 1958 5+ /m/z 2030 2+ ) was observed by CAD and no products were observed by ECD, which is primarily due to the low signal intensity of the precursor ions. To improve the peak assignment accuracy of the monomers, the 11+ charge state at m/z 3635 was mass selected with a mass window of ±50 Da in the quadrupole Q1 region of the instrument and then transferred to the infinity ICR cell. A 4.6 s transient was recorded, which leads to the isotopic mass resolution of the 11+ charge state ions of the monomers at m/z 3635 ± 50 Da (see the inset of Figure 3a) . The binding of two zinc atoms, NAD + , or both to either E or S chains were found. All peaks were assigned with a mass error of 3 ppm. It is interesting to notice that the S chain has an apparent higher binding affinity to NAD + than the E chain (inset of Figure 3a) ; the differences in coenzyme binding between the EE and SS isoenzymes were reported in 1970 [45, 46] . Native top-down IRMPD MS was also performed for the hADH complexes without mass selection (Figure 3b ). Compared to ISD, IRMPD of the hADH dimer results in more backbone cleavage fragments. In total, 39 backbone cleavages for subunit E and 26 for subunit S were observed in the IRMPD experiment, which leads to the sequencing of the first 87 residues of the N-terminal regions of both E and S chains, along with 34 residues from the C-terminal of the E chain and 31 amino acids of the S chain (inset of Figure 3b ). It is worth noting that 52% of the cleavage sites for the E chain and 42% for the S chain are from preferential CAD cleavage sites, such as N-terminal proline, C-teriminal aspartic acid, and glutamic acid [47] [48] [49] . With the combination of top-down ISD, IRMPD, and ECD fragmentation techniques, an overall sequence coverage of 32% was achieved from the native hADH dimer.
Native Top-Down ECD, ISD, CAD, and IRMPD of Yeast ADH Yeast ADH is a homotetrameric protein with a total molecular weight of~147 kDa. Previously, it was studied by Gross and coworkers using native top-down ECD-MS with a 12-T FTICR MS, and sequencing of the first 55 amino acids was reported [40] . Here, for a comparison with hADH, native top-down ECD of yADH tetramer with our experimental system was also performed. With skimmer voltage of 100 V for in-source dissociation of the yADH tetramer complex, sequencing of the first 55 residues from the N-terminus was achieved. Further increasing the skimmer voltage to 150 V yielded higher sequence coverage, with sequence information for the N-terminal 79 residues. When the skimmer 1 potential was elevated to 200 V, it not only improved the sequence coverage to the first 89 residues (Figure 4a and b) with 74 out of 88 backbone N-Cα bonds cleaved, it also releases zinc-bound fragments (e.g., c 49 + Zñ c 77 + Zn), as shown in Figure 4a and c. In addition, a site mutation at residue 58 was observed as a Thr rather than Val (Figure 4d ) [50] . Moreover, the putative PTM (-44.0136 Da mass shift) observed in hADH was also found in the yADH sample, as shown in Figure 4a and d. A 44.0136 Da loss has been previously observed by ECD or ETD followed by collisional activation of peptides, resulting in side chain loss of ▪CONH 2 from an Asn (N) or Gln (Q) residue [51, 52] . However, in both cases, the loss of ▪CONH 2 is initiated by radical migration from z• ions to the side chain of Asn or
Gln residues rather than from c ions. In addition, the loss of ▪CONH 2 happens less frequently unless with collisional activation. Here, the -44.0136 Da mass shifts were observed along the sequences on c ions rather than z• ions. In addition, the first site observed with the -44.0136 Da mass shift is at residue 6 for horse liver ADH, but there is no N/Q in both E and S subunits before residue 17 for hADH. Therefore, we believe that the -44.0136 Da (CONH 2 ) mass shift is suggestive of a PTM or sequence modification rather than a side chain loss. Native top-down ISD, CAD, and IRMPD were also performed on the hADH tetramer. Skimmer 1 potential was varied from 30 to 200 V, which only leads to the dissociation of the ADH tetramer to the dimer subcomplex (17+ to 21+). As skimmer 1 was kept at 200 V, further CAD activation in the collision cell and IRMPD in the infinity cell without prior mass isolation were performed (e.g., preactivation by increasing the skimmer potential); b/yproduct ions were observed in both CAD (Figure 5a ) and IRMPD (Figure 5b) experiments. In comparison, a zinc bound ion (b 86 +Zn) 6+ and a large fragment (10.9 kDa) at m/z greater than 10,000 were observed in the IRMPD but not in the CAD experiment. The backbone cleavage sites at different CAD collisional voltages (labeled in black) were summarized and combined with the top-down IRMPD (yellow) and ECD (c ions in red and c+Zn ions in blue), as shown in Figure 5c . From the combination of native topdown CAD, IRMPD, and ECD results, the first 115 residues from the N-terminal and the first 25 residues from the Cterminal were sequenced, which results in 40% sequence coverage.
Comparing the full mass spectra of yADH (inset of Figure 4a ) and hADH (inset of Figure 1a) , the yeast ADH sample appears much cleaner, which might be due to less apparent heterogeneity. An attempt to achieve isotopic mass resolution of yeast ADH tetramer was made using our infinity ICR cell. The 27+ charge state ions at m/z 5460±50 ( Figure 6a) were isolated in the quadrupole to minimize space charge effects due to ion cloud interactions in the infinity cell. Four isotopic "beats" were observed over a recording time of 11 s (Figure 6b ), which leads to isotopic resolution of the 27+ yADH tetramer with an average resolving power of~412,000 in absorption mode (Figure 6c ). With knowledge of the yeast ADH sequence, the isotopic distribution of the 27+ ions was then simulated to fit the experimental result (Figure 6a and c) . It is interesting to note that each yADH subunit binds to two zinc atoms, but no NAD + binding was observed. This might reflect the fact that yADH has lower binding affinity for NAD + than hADH does, differing by up to one or two orders of magnitude at pH 8 [53, 54] .
The correlation between native top-down fragmentation sites and the X-ray B-factor was examined for both ADH (yeast and horse liver) protein complexes [55, 56] . It is clear that the native top-down cleavage sites are correlated with the X-ray B-factor in both cases (Supplementary Figure 1) . However, in addition, the IRMPD cleavage sites originate from both flexible (overlapping with ECD cleavage regions) and surface regions for both protein complexes.
Conclusions
In this study, using the hADH dimer and yADH tetramer as examples, we demonstrate that with superior high resolving power, mass accuracy, and the versatile and complementary fragmentation techniques available with FTICR MS, rich information, including amino acid sequence, point mutations, metal/ligand binding sites, and identification and quantification of subunit variants, can be accomplished in a single native top-down FTICR MS experiment. Unlike data derived from native tandem MS using more commonly employed Q-TOF analyzers, significant sequence information can be gained directly from the intact noncovalentlybound complex with FTICR MS. Somewhat surprising is that CAD and IRMPD of the protein complexes yield significant amounts of sequence-informative b/y-products, as CAD of protein complexes using other analyzers typically generate subunit separation products only (e.g., monomer and intact complex-minus-monomer products). Moreover, as indicated by other studies [40] [41] [42] 57] , the sequence origin of the product ions can be correlated to the outer surface 27+ ions of yADH regions of the complexes, suggesting that native tandem MS can be a potentially useful tool for probing the topology of protein assemblies.
